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Abstract 
This paper aims to place discussions about CO2 utilisation onto a more secure foundation from the perspective of 
climate change mitigation. A conceptual framework is proposed that comprises three criteria for evaluating CO2 
utilisation options from the viewpoint of emission reduction potential. This framework places life cycle analysis at 
its forefront. Examples of emissions benefits for thermodynamic minimum energy inputs and possible real-world 
conditions are used to show that not all CO2 utilisation is equally beneficial from a climate perspective. 
Most current and potential uses of CO2 do not appear to yet satisfy the three main criteria of emission reduction 
benefits, revenue to cover CO2 feedstock costs and meaningful scale. The notable exceptions are certain 
(geographically limited) approaches to enhanced oil recovery (CO2-EOR). 
Due to the energy required to convert CO2 to useful products it appears highly likely that reducing CO2 emissions 
through CO2 utilisation will only be possible if the electricity (and, in some cases, the thermal energy) inputs are 
from renewable sources. This raises questions about the most appropriate use of renewable resources, especially if 
they are to be employed for the purpose of partially mitigating emissions from large stationary fossil fuel 
combustion plants. It also raises questions about how to match the potential revenue from and scale of CO2 
utilisation based on variable renewable resources with investments in CO2 capture at meaningful scales. 
CO2 utilisation options that can proceed without a CO2 capture and purification step or can be located in regions 
where CCS is an ongoing commercial business may offer good opportunities for further development if they can 
scale to multi-million tonne per year activities. Climate policies that aim to support revenues for CO2 utilisation 
activities will need to carefully consider how the fossil fuel value chain allocates liability for environmental 
damages associated with life cycle emissions; these are likely to be greater than zero but not accurately predictable. 
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1. Introduction 
Utilisation of carbon dioxide is receiving attention in the context of climate change mitigation [1]. The allure of 
CO2 utilisation is straightforward: instead of paying to dispose of CO2, firms that generate large amounts of CO2 
could be paid for it, while at the same time avoiding emissions to the atmosphere and any associated penalties. CO2 
utilisation could shift the focus of the CCS discourse from the disposal of an inconvenient by-product or waste 
towards the production and use of a commodity.  
Millions of tonnes of CO2 are already used industrially each year. With some 70 million tonnes of CO2 (MtCO2) 
used per annum. Enhanced oil recovery (EOR) is the largest single use of CO2 today. Around 20 MtCO2 was 
supplied by industrial sources for use in North American CO2-EOR operations in 2012 [2]. Other uses include for 
example carbonated drinks, dry ice and food production. Approximately 8 MtCO2 was used in the beverage industry 
for carbonated drinks in 2011 [3]. Captured CO2 is also used for urea yield boosting (up to 30 MtCO2/yr), 
pharmaceutical processes (less than 1 MtCO2/yr) and water treatment (up to 5 MtCO2/yr) among other things [3]. It 
has been estimated that 114 MtCO2/yr were used for non-EOR purposes in 2010 [4]. 
Existing uses of CO2 demonstrate a range of possible reasons for interest in CO2 utilisation, many of which are 
unrelated to climate change mitigation. Some of these reasons are listed in Table 1. These various interests will 
strongly influence how CO2 utilisation develops. However, this paper looks at CO2 utilisation solely from a climate 
mitigation perspective. It builds on a framework proposed by the International Energy Agency for considering the 
potential climate benefits [5] and further presents several idealised case studies that portray the challenges 
associated with achieving CO2 balances that can help to mitigate climate change. 
Table 1. A non-exhaustive list of reasons for interest in CO2 utilisation 
 
Reason Societal or policy 
objective 
To create a revenue stream for CO2 abatement from fossil fuels use based on consumer demand for CO2-containing 
products, i.e. revenue that is not reliant on consumers or taxpayers paying a premium for climate change benefits 
Climate 
To avoid the emission of greenhouse gases (GHG), in particular CO2, to the atmosphere and thus reduce negative 
impacts on the environment 
Climate 
To provide an alternative to CO2 geological storage on the basis that re-use of waste is preferable to disposal in 
accordance with the waste hierarchy, and could overcome issues of public mistrust of CO2 storage 
Climate 
To increase the supply of hydrocarbon fuels for reasons of energy security or cost control Energy security / 
competitiveness 
To make use of the specific attributes of CO2, for instance as a solvent, in commercially competitive applications Competitiveness / 
innovation 
To produce valuable chemical and fuel products that are more cost-effective or less environmentally harmful to 
produce from the carbon in CO2 than the carbon in other raw materials such as petroleum or biomass 
Environment / 
Competitiveness 
To increase the supply of water in water-poor regions by exploiting saline aquifers Competitiveness 
To remediate inorganic wastes from industrial processes Environment 
To support innovation that could, in the future, facilitate the cost-effective use of CO2 as an abundant source of carbon 
for chemical or fuel production, especially as a hedge against future price or other constraints on fossil fuel or 
biomass supplies 
Innovation / 
Competitiveness 
To reduce the extraction and/or supply of fossil fuels for reasons of resource diversification or political preference Energy security / 
Environment 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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2. Where does CO2 utilisation sit in relation to other CO2 management techniques? 
CO2 utilisation can be considered as one technique for managing the excess generation through human activity of 
CO2 above the level that can be accommodated by the earth without raising global temperatures beyond a desirable 
threshold. It is one of several such inter-related techniques that are depicted in Figure 1. These techniques all involve 
the capture of CO2 from either the point of use of a carbon-containing fuel or feedstock† – including coal, oil, natural 
gas or biomass – or from the atmosphere, through biological or non-biological processes. Biological processes 
incorporate the carbon contained in the CO2 into biomass. 
 
Fig. 1. A family of processes that interact to increase or reduce total CO2 emitted 
After capture, the CO2 can be stored geologically by injection of the CO2 into a geologic formation deep 
underground where it is retained by a natural (or engineered) trapping mechanism and monitored as necessary. This 
is referred to as carbon capture and storage (CCS). Alternatively, it can be utilized by conversion to a fuel or 
chemical product or through intermediate use by which it is not altered chemically. In cases where the carbon 
contained in the CO2 is incorporated into material or energy products, it might be stored permanently after use – 
 
 
† CO2 is generated industrially through the following processes is considered: combustion of fuels for the provision of heat, light or power;; 
and oxidation of carbon to CO2 during its use as a reducing agent or industrial raw material, including cement production, steel production,  
refining of petroleum and fermentation of biomass. These stationary sources offer some of the best opportunities for CO2 capture, but the 
principles outlined in this paper can be applied to CO2 captured from any process. 
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mineral storage involves the formation of insoluble and otherwise unreactive materials that are retained out of the 
atmosphere on geological time scales – or released back to the environment as a greenhouse gas during normal use 
of the product. If the CO2 is not altered chemically, a further decision about whether to “re-capture” the CO2 and 
then store, release or further utilise it, is available. Intermediate uses include: CO2-EOR; enhanced gas recovery 
(EGR); enhanced coal bed methane recovery (ECMR); coffee decaffeination; carbonated drinks; and CO2 as a 
solvent. 
In this paper, the following terminology is used: “upstream” denotes the capture of the CO2; “utilisation” denotes 
the conversion of the CO2 into materials or fuels, or intermediate uses of CO2; and “downstream” denotes the use 
phase of the life cycle of the resulting material or fuel products and the subsequent fate of the carbon contained in 
the captured CO2 following use and disposal. 
Each of the possible CO2 management techniques is subject to economic constraints, thermodynamic constraints 
or physical constraints, such as the regional potential for biomass cultivation or safe CO2 storage. In the quest to 
limit the accumulation of CO2 in the atmosphere, they also compete with other low carbon technologies that provide 
economic and social services without generating CO2 from fossil sources, including nuclear power, solar power and 
others. While political, social and economic perspectives will play a role in judgments of attractiveness of the 
options, a framework for meaningful comparison of the potential climate benefits is essential. 
3. What are the criteria for understanding the potential climate benefits of CO2 utilisation? 
When considering any particular CO2 utilisation option, the potential impact on limiting or reducing CO2 
greenhouse gas (GHG) emissions depends on three factors: 
 
1. The extent to which the utilisation reduces anthropogenic CO2 emissions in comparison to other options; 
2. Whether the potential revenue can cover the cost of feedstock CO2 and help finance CO2 capture/avoidance, 
either in the absence of or as a complement to climate policy; 
3. Whether the use in question is scalable and could drive demand for CO2 to a level that is meaningful in 
climate change mitigation terms. 
 
The following sections are structured according to these three criteria.  
4. Criterion 1: Emission reduction benefits 
Establishing the potential emissions reduction for a given CO2 utilisation option can be a complex challenge. 
Assessing emissions associated with CO2 utilisation is more complex than for most CCS value chains that involve 
geological CO2 storage without utilisation. This is predominantly for two reasons: 
 
x The products from CO2 utilisation often do not lock up the CO2 (for instance a fuel made from CO2 releases its 
carbon as CO2 during end-use); and 
x CO2 utilisation may generate products that change market equilibria, resulting in increased demand while also 
displacing production via other routes, potentially in sectors that are completely unrelated to the CO2 source. 
 
To have a CO2 emissions reduction benefit, CO2 utilisation should lead to a reduction in the use of a product with 
higher associated life cycle CO2 emissions (i.e., displacement) [6]. This definition makes explicit two fundamental 
aspects of understanding emissions reductions benefits. Firstly, a life cycle approach is required. Secondly, a life 
cycle assessment of emissions associated with a process is only informative in the context of a comparison with an 
alternative. Thus, a two-step analysis is necessary: 
 
1. Evaluate emissions from a given system using CO2 as a feedstock; 
2. Compare these against the emissions from an equivalent system for the delivery of the same goods or services 
using other feedstocks or processes. 
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Depending on the objectives, a life cycle assessment can set the system according to different boundaries [7, 8]. 
Commonly-used terminologies in life cycle assessments to indicate system boundary include: cradle-to-grave; gate-
to-gate; cradle-to-gate; well-to-wheels. An appropriate system boundary is generally set to exclude only processes 
that are common to the two systems under comparison. For CO2 utilisation, a robust analysis will account for 
emissions both upstream and downstream from the utilisation process, including any emissions associated with end-
use, excepting common elements with the reference system. For instance, for comparison of a CO2 utilisation and a 
geological CO2 storage option that share the same approach to CO2 capture, CO2 capture can be excluded from the 
scope of the analysis. Likewise, for comparison of a 1:1 substitution of a downstream product, downstream 
emissions can be excluded. 
The relevant emissions sources for any assessment of emissions from CO2 utilisation are shown in Figure 2. The 
illustrated case is one that produces and uses two products, the primary product (left) and the product of CO2 
utilisation (right). Other products could be included as relevant. 
 
Fig. 2. Three groups of emissions accounted for in a life cycle approach to CO2 utilisation. 
Upstream emissions sources include the source of the CO2, extending back to the extraction of the fossil carbon 
(e.g. coal, oil, or natural gas) or even relatively pure CO2 when extracted from geologic accumulations. The 
production of the primary product in most relevant cases unavoidably involves the oxidation of carbon to CO2. 
Whether the CO2 is looked at as a waste product or secondary product informs how upstream emissions can be 
allocated between the primary product and the product from CO2 utilisation. In the case that the CO2 is considered to 
be a waste (as with CCS involving direct geological CO2 storage) all the upstream emissions might be allocated to 
the primary product. If the CO2 is a valuable by-product to be sold to users, a proportion of the upstream emissions 
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should be allocated to the CO2 diverted for utilisation. To properly perform such an allocation would require 
considerable knowledge about the additional energy consumption of any CO2 capture processes.  
Direct sources of emissions from the utilisation group of emissions arise from the process of utilising CO2, 
including emissions associated with provision of other raw materials such as hydrogen. 
Downstream emissions are those associated with transportation and use of the resulting products, which could 
include: manufacture of consumer goods from CO2-based plastics; blending and distribution of CO2-based fuels; or 
refining of crude oil produced using CO2-EOR. 
4.1. Utilisation that leads to permanent storage of the CO2
CO2-EOR and other types of enhanced resource extraction comprise a type of CO2 utilisation that can lead to the 
concomitant permanent geological storage of the CO2 as part of its use in oil extraction, gas extraction, water 
extraction or coal bed methane recovery. The resulting direct CO2 emissions from CO2-EOR are primarily driven by 
the need to recycle produced CO2 within the boundaries of the EOR project and depend strongly on the amount of 
CO2 that is retained in the hydrocarbon reservoir after operations have ceased. CO2-EOR operations could be 
adjusted to increase the amount of CO2 retained per barrel of oil produced if there is an incentive to do so [9]. With 
all cases of geological CO2 storage, and CO2-EOR is no different, monitoring of the injected CO2 is required to 
provide confidence that it is retained in the subsurface [10]. 
Mineral carbonation of CO2 involves reacting CO2 with metal oxide bearing materials to create insoluble, stable 
carbonate materials. Mineral carbonation for long-term storage has been demonstrated at lab scale and can be 
achieved without large energy inputs [11]. The resulting materials are generally considered to require little, if any, 
on-going monitoring to build confidence in long-term storage. The natural minerals used for the carbonation process 
– such as the magnesium and calcium silicates woollastonite, olivine and serpentine – are available in sufficient 
quantities to store billions of tonnes of CO2 [12]. 
Mineralisation could also be an attractive way to fix waste materials such as steel slags or provide raw material 
for cement production [13, 14, 15]. However, the availability of mine tailings and industrial wastes that could be 
used as mineral inputs are in limited supply. Consequently, for each tonne of CO2 fixed, several tonnes of mineral 
would likely need to be mined, ground and prepared. This can have a high energy penalty and could severely reduce 
the CO2 benefit. Despite being exothermic, a feature that could potentially reduce the overall energy costs, the 
reaction kinetics are generally much slower than the rate at which CO2 would be captured [16]. The potential scale 
of demand for affordable construction materials is nevertheless meaningful, but whether carbonate products in such 
large volumes could find viable markets in the low-cost construction materials sector is highly uncertain. 
For a life cycle assessment of utilisation options that lead to permanent storage of the CO2, downstream 
emissions may be minimal. However, a full understanding of the possible benefits is only possible in the context of 
a comparison with other available systems that include the production and use of transport fuel‡ (or equivalent 
transport services that do not require liquid fuel) or construction materials, as appropriate. 
4.2. Utilisation that leads to subsequent emissions of CO2
In general, this type of CO2 utilisation does not create products with a sufficiently long lifetime to provide storage 
of the CO2. Instead, the carbon is released at the end of the product’s life through degradation or combustion. 
Plastics, for example, have an average service life of between eight and 14 years, including recycling to new uses 
before disposal [18, 19]. Neither plastic packaging nor plastic building materials ensure long-term retention of the 
 
 
‡ Crude oil produced using CO2-EOR competes on the market with other fuel sources and, at least from a market economics 
standpoint, the production from CO2-EOR would not likely displace production from other sources in the long-run [17]. 
7982   Simon J. Bennett et al. /  Energy Procedia  63 ( 2014 )  7976 – 7992 
carbon from the atmosphere through normal use.§ Incineration and degradation of plastics and synthetic fibres as 
waste disposal options lead to the carbon returning to the atmosphere as a greenhouse gas. Products that are short-
lived by design, such as fertilisers and fuels, generally remain in the economy for less than a year. 
Despite not leading to effective sequestration of the CO2, such uses may in some situations be part of systems 
that deliver life cycle emission reductions due to substitution effects. For instance, captured CO2 could be utilised 
for the production of transport fuels, which could push some alternative fuels (e.g. gasoline) or transport modes out 
of the market [21]. Durable building material products from CO2 utilisation that could lead to the permanent 
retention of CO2 may displace the production and use of wood, cement or synthetic polymer materials. In the case of 
cement and polymers, the displaced emissions can be considerable and may be higher than the direct emissions from 
producing carbonate minerals from CO2. Substitution effects can be understood by analysing whether the emissions 
from the displaced system are higher or lower than in the case with CO2 capture, fuel production and fuel 
combustion.  
As a crude and idealized example, if 1 MtCO2/yr is captured from coal-fired power generation and sold to a fuel 
producer who converts all the CO2 to fuel, 1 MtCO2/yr is later released when the fuel is combusted in a motor 
vehicle. This system has emissions of 1 MtCO2/yr and it displaces a system that produces electricity and fuel 
separately with combined emissions of 2 MtCO2/yr. The maximum emission reduction is therefore 50%. In this 
simplified case, however, we have unrealistically assumed that all upstream and direct emissions (from capture, 
purification, transport and processing of the CO2, including supply of other raw materials such as hydrogen, and the 
production of the displaced motor fuel) have no associated emissions. Since CO2 is thermodynamically more 
challenging to convert to motor fuel than crude oil reserves, the potentially highly significant impact of direct 
emissions during utilisation is discussed for several case studies below. 
If, instead of displacing an identical motor fuel, it were more likely that our CO2-containing fuel would substitute 
for a biofuel or electricity in an electric vehicle, the emission reduction may be lower than in this example. 
Likewise, if a chemical that degrades to methane (which has a higher global warming potential than CO2) when it is 
discarded were produced instead of a motor fuel the emission reduction would probably be lower, but if the CO2-
containing fuel would substitute diesel produced from coal without CCS, the reduction may be higher than in the 
example. 
In the near-term, some CO2 utilisation options that lead to emission of the CO2 during end-use may provide an 
indirect longer-term benefit if they can secure revenue for valuable projects that demonstrate CO2 capture, or other 
CCS technologies, at large scale. 
5. Criterion 2: Revenue that covers the cost of feedstock CO2
The second key question concerns the economics of CO2 utilisation. Utilisation of CO2 holds the promise of 
financing CO2 abatement using commercial market dynamics and partially or totally avoiding reliance on subsidies 
or rewards for emission reductions. In an ideal case, the user of the CO2 could produce a carbon-containing material 
or fuel that has a market price that fully covers the costs of CO2 capture, transport and processing. The ability to 
reduce the reliance on climate policy to finance projects is perhaps the key difference between geological storage 
and CO2 utilisation.** 
It is important to remember, however, that CO2 is not a free feedstock. Generally, it needs to be captured, purified 
and transported. 
 
 
§ Von der Assen, Jung and Bardow recommend taking into account time-corrected global warming potentials to incorporate the 
benefits of delaying emissions through temporary binding of CO2 carbon into products [20]. Such an approach demands assumptions 
about advances in global emissions mitigation in parallel to the use phase of a chemical product.
** CCS is struggling to attract serious levels of commitment and investment in part because the revenue streams associated with CCS 
are expected to be dependent on climate-related policies. In this situation, consumers of products made using CCS would be likely to be 
charged a CO2 avoidance premium on top of the price of their electricity, gasoline, plastics, cement, steel etc. Price rises in existing 
markets and reliance on the stability of government policy, creates concerns about competitiveness and financing risk that deters 
investment and will remain an unavoidable hindrance to CCS deployment. 
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Today’s large-scale CCS projects (for which costs are dominated by the capture plant) have capital costs in the 
range of USD 200 million to USD 1.25 billion for 1 MtCO2/yr scale [22, 23]. It is not expected that CO2 capture 
costs will fall far below USD 10 to 30/tCO2 for CO2 from natural gas processing or USD 26 to 74/tCO2 from coal-
fired power generation in the next decade [24, 25].  
The only case in which the user of the CO2 might be able to receive the CO2 at a price below the cost of capture 
and transport is if a CO2 producer faces a penalty for emitting the CO2. In such a situation, CO2 utilisation could 
nevertheless make the difference between positive or negative investment decisions, in combination with climate 
policy incentives. However, to reduce the cost of feedstock CO2 significantly, for example to the point where it was 
free or where a producer would pay to transfer it for utilisation, the penalty must be higher than the cost of capture 
and transport. At such levels, CO2 utilisation would be equally reliant on climate policy for the financing of projects 
as CCS is today. 
Options for CO2 utilisation exist that could eliminate most of the costs of capture and transport. These utilisation 
options do not require pure CO2 but can directly utilise a proportion of the CO2 from flue gases (or ambient air). 
They include the production of organic chemicals directly from flue gas, the promotion of algae growth using flue 
gas and concrete curing in atmospheric or CO2-rich conditions [26, 27] and could be particularly valuable in 
lowering investment hurdles. 
This line of thought presumes that the climate policy allows the CO2 producer to avoid liability for its CO2 
emissions by transferring it for utilisation. However, given that CO2 utilisation may lead to emissions further 
downstream, any transfer of CO2 to entities outside sectors with comparable exposure to climate policy would create 
perverse incentives from a climate perspective. 
While economic revenue may be possible through CO2 utilisation, in practice there are a number of issues that 
face investors in CCS projects that would also likely apply to CO2 utilisation projects. These include the complexity 
of the value chain. CO2 utilisation value chains can be expected to have at least three entities: the source of the CO2, 
a transporter of the CO2 and the user of the CO2. Investment decisions can only be taken when the full value chain is 
aligned in terms of costs, benefits and risks. Vertical integration of the emitter and user of the CO2 would reduce the 
number of contracting parties in the value chain. 
In addition to aligning investors, design and operation of a CO2 utilisation value will need to account for the 
different scale and operational requirements of the CO2 producer and the CO2 user. Contracts for purchase of CO2 
will need to anticipate variations in demand and supply of CO2, which could be on an hourly, daily or seasonal 
basis. The hourly operating schedule of a power plant based on its dispatch schedule and the seasonal variation in 
output of a bioethanol plant are examples. 
In terms of scale, matching the supply of CO2 from an industrial source that wishes to avoid several million 
tonnes of CO2 emissions per year and smaller volumes of demand for CO2 would represent a challenge. One reason 
is that there are significant economies of scale associated with the capture and transport of CO2 that could not be 
achieved without having alternative options for management of captured CO2. However, if geological CO2 storage 
were available alongside CO2 utilisation, while they may be attractive in combination this would mean that the 
challenges of deploying CCS, including political and public acceptance, would have already been overcome. 
6. Criterion 3: Meaningful scale 
Scalability relates to the limits of demand and supply of the products of CO2 utilisation. The ability to produce a 
vast amount of material (using in this case CO2) is only of benefit if there is an equal potential to find willing 
buyers. Fuels are consumed by buyers and then replaced, which makes them good candidates for scalable CO2 
utilisation options. At the other extreme, long-lived products that permanently lock up the carbon will accumulate 
and in some sectors demand could become saturated; in the building sector this will depend on construction rates 
and materials recycling. 
For a given CO2 utilisation option with an attractive life cycle emissions balance, scalability will be affected by 
two factors: 
 
1. The potential demand for the product made using CO2 at a particular production cost 
2. The potential supply of CO2, raw materials and energy needed for the given production process. 
7984   Simon J. Bennett et al. /  Energy Procedia  63 ( 2014 )  7976 – 7992 
 
EOR projects use large volumes of CO2 and can provide an incentive for maximising CO2 supply. Many 
chemical uses of CO2 are smaller, however. Non-biomass CO2 utilised in all polymers and plastics today is of the 
order of 100 ktCO2/yr but this could grow [28]. In total, the global plastics industry today produces products 
containing an amount of carbon that would equate to 220 MtCO2/yr (roughly 80% of 280 Mt of plastic) [29]. 
Hydrogen is often required as an essential input to make products from CO2. Supplies of industrial hydrogen are 
today produced mainly from natural gas, but hydrogen can be produced by electrolysis from renewable electricity 
and water in order to improve life cycle emissions. However, not only is this method relatively costly at large scales, 
its availability depends on how much renewably-generated electricity could be cost-effectively directed to hydrogen 
production. It has been suggested that hydrogen could be generated at times when renewable electricity generation 
exceeds demand or time when thermal generation is underutilised [30]. Such a model requires further consideration 
of issues, including: the economics of operating large capital-intensive electrolysers on an occasional and variable 
basis; the synchronisation between hydrogen production at times of high renewable electricity output and CO2 
capture operation at times of high fossil-based electricity output; or the attractiveness of purchasing electricity for 
hydrogen production from power plants at times when they are uncompetitive on the grid and thus potentially above 
market prices. 
From the processing capacity of typical commercial plants we can convert the carbon content of their inputs to a 
rough indication of CO2 equivalence. 
 
x Fine and high added-value chemicals: < 0.01 MtCO2/yr 
x Bulk chemicals (e.g. methanol): 1 to 2.5 MtCO2/yr 
x Basic petrochemicals (e.g. ethylene or polypropylene): 1.5 to 4.5 MtCO2/yr 
x Refineries: 15 to 45 MtCO2/yr 
 
Meaningful scale is not easy to assess. It will change as the family of CO2 capture, utilisation and storage 
technologies matures. For example, at a stage of technology development where these technologies only avoid a 
combined total of a few million tonnes of CO2 per year, an additional ten thousand tonnes of CO2 could be 
meaningful. In the longer term, the IEA lowest-cost climate change mitigation scenario estimates that at projected 
CCS costs, CCS could capture and store over 7 GtCO2/yr by 2050 [31]. 
7. The importance of direct emissions: five theoretical case studies 
The preceding sections describe some of the challenges associated with meeting the three criteria. In this section 
we evaluate whether selected CO2 utilisation options could meet Criterion 1: emission reduction benefits. Only a 
handful of assessments of the emissions reduction potential of CO2 utilisation have been undertaken to date [32]. 
These indicate emissions reductions from 75% to less than 0% and set the system boundary in a variety of ways [33-
36]. Furthermore, existing life cycle analyses tend to compare novel, immature production processes with current 
fossil fuel-based routes. The correct comparison would be with a scenario representing likely conditions at the time 
when the technology is expected to reach market, which could be significantly less CO2 emissions-intense. This 
demonstrates the importance of undertaking an appropriate life cycle assessment in comparison to a relevant 
reference system. 
While we recognise that life cycle assessments will be highly important, as a first step a screening of a CO2 
utilisation option on the basis of its thermodynamics can inform whether to proceed to a full life cycle assessment. 
For example, the overall CO2 emissions balance for many CO2 utilisation options in which the CO2 is chemically 
altered are highly sensitive to the direct emissions from the utilisation step. In this section we illustrate this point by 
considering the synthesis of five target products of CO2 utilisation that have the potential to meet the revenue and 
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scalability criteria. These products are: (A) methane; (B) methanol; (C);ethylene (D) synthetic diesel††; (E) formic 
acid. 
Following the conceptual framework described in this paper, we compare two systems that produce equivalent 
amounts of a primary product (e.g. a MWh of electricity) and a secondary product (e.g. a GJ of transport fuel). We 
assume the emissions associated with production of the secondary product in the reference case are small relative to 
emissions from its end-use. This assumption may deserve additional attention in specific cases such as that of 
natural gas extraction where fugitive methane emissions might be a significant factor. Thus, a simple comparison 
can be made between the emissions avoided by capturing CO2 and the direct emissions associated with the 
utilisation step. To do this we use theoretical minimum energy requirements for the non-biological production of the 
five products at standard conditions using established values for Gibbs free energies of formation‡‡ in order to 
estimate a “best case”. 
7.1. Assumptions 
Real world processes will most likely operate far from standard conditions but is our intention to consider the 
best-case scenario and evaluate whether this appears favourable or would raise cautions about the potential real-
world life cycle impacts. Ultimately, the reactants and products will be reasonably close to standard conditions and 
the actual industrial reaction pathway between the two points does not concern this analysis of the best case. 
For each reaction, the inputs are assumed to be CO2 and water, where water is the source of hydrogen via 
electrolysis and CO2 is the source of carbon and oxygen. While the majority of hydrogen is today produced from 
natural gas, fossil fuels and biomass were not considered to be appropriate sources of hydrogen from an emissions 
perspective. This is because such a reaction pathway would require energy inputs to decompose an energy-dense 
fuel to obtain hydrogen, followed by further energy inputs to recombine hydrogen and carbon into the target 
product. There may be cases where the economics of producing methane using hydrogen obtained from methane are 
attractive, but desirable life cycle emissions are unlikely. 
The direct reaction pathway from CO2 and water has been evaluated to provide a baseline for the minimum 
energy requirements. For the production of methane the direct reaction is: 
 
CO2 + 2H2O ĺ CH4 + 2O2 
 
For estimating CO2 emissions it is necessary to make some assumptions about the split between electricity and 
heat inputs. For this purpose, two different synthetic pathways are considered for each of the five products. Pathway 
(1) involves the electrolysis of water to produce hydrogen and then the use of heat to convert CO2 and hydrogen to 
products. The precise reaction pathway need not be further specified. Pathway (2) uses thermal energy to generate 
carbon monoxide in an additional reverse water-gas shift (WGS) step, before using thermal energy to then react 
carbon monoxide and hydrogen. This corresponds to Fischer-Tropsch-type reactions for the production of 
hydrocarbons. It takes advantage of the spontaneous nature of the final step but requires additional electricity for the 
production of extra hydrogen compared to (1). We have assumed that the thermal energy generated by the final step 
can be used in its entirety to power the reverse WGS step but cannot assist the electrolysis of water.§§ For the 
production of methane these are: 
(1) H2+CO2 route: 2H2O ĺ 2H2 + O2; CO2 + 2H2 ĺ CH4 + O2 
(2) CO+H2 route: 3H2O ĺ 3H2 + 1.5O2; CO2 + H2 ĺ CO + H2O; CO + 2H2 ĺ CH4 + 0.5O2 
 
 
†† Synthetic diesel for this analysis is a distribution of n-alkanes with 10 to 15 carbons with an average composition of C12H26 
‡‡ Gibbs free energies of formation in kJ/mol: CO2, -394.39; water, -237.14; carbon monoxide, -137.23; methane, -50.8; ethylene, 68.2; 
methanol, -166.4; diesel (C12H26), 49.53; formic acid, -351.03. 
§§ The impact of this assumption is evident in the different energy requirements between the two routes for methanol and formic acid. 
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7.2. Results 
Table 2 lists the minimum energy inputs for the production of the five products as well as the stoichiometric 
minimum tonnes of CO2 that would produce one tonne of product. 
Table 2. Assumptions for the calculation of energy requirements for product synthesis from CO2 and H2O 
 
Product Minimum energy of formation from 
CO2 and H2O (kWh per tCO2
converted) 
Tonnes of CO2 converted 
per tonne of product 
Methane 5 162 2.74 
Methanol 4 433 1.37 
Ethylene 4 201 3.13 
Synthetic diesel 4 137 3.10 
Formic acid 1 770 0.96 
 
The energy inputs in Table 1 are shared differently between electricity and heat for the two synthetic pathways 
(Figure 3). 100% reaction efficiency is assumed. 
 
Fig. 3. Energy requirements for electricity and heat for the H2+CO2 route (left) and the CO+H2 route (right) assuming all processes are 100% 
efficient. 
Minimum direct CO2 emissions for CO2 utilisation were calculated for a number of different electricity sources 
assuming 100% efficiency of reaction and no energy losses (Figure 4). Heat is assumed to be provided by a natural 
gas heater operating at 85% low heating value (LHV) efficiency. The H2+CO2 route has a better overall emissions 
profile than the CO+H2 route because more of the energy input comes from the direct combustion of natural gas. 
However, even with perfect efficiency at the thermodynamic minimum, production of all products, except formic 
acid are worse than carbon neutral unless very low carbon electricity is used. This is not a surprising result when one 
considers that the products being made almost have the energy content on a per carbon basis as the fuels used to 
produce the electricity with a generating efficiency typically less than 50%. 
It is noteworthy that emissions from these synthetic pathways – which we consider to be represent the most likely 
routes that could deliver emissions reductions – are dominated by CO2 from electricity generation, which we assume 
to be provided without losses in distribution or storage. If these industrial processes could reasonably be expected to 
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be provided with thermal energy solely from a source with low associated emissions – such as biomass or local 
“waste” heat – the emissions would be almost entirely related to the electricity generation step. 
 
Fig. 4. Emissions from electricity and heat provision for the H2+CO2 route (top) and CO+H2 route (bottom) for six different electricity sources. 
1 = Coal plant (46% LHV efficiency), 740 g/kWh; 2 = United States grid average 2011 503 g/kWh; 3 = Germany grid average 2011, 477 g/kWh; 
4 = Natural gas CCGT (60% LHV efficiency), 336 g/kWh; 5 = France grid average 2011, 61 g/kWh; 6 = Zero carbon electricity source, 0 g/kWh. 
Waste heat is sometimes available from industrial proceses or power plants where heat integration has not been 
extensively exploited. However, waste heat from the upstream source of the CO2 may not be available in sufficient 
quantities. As an example, a 400 MW natural gas CCGT with a 60% LHV efficiency, generates 3 230 tCO2/day at a 
100% capacity factor. To convert this CO2 to diesel via the H2+CO2 route requires a thermodynamic minimum of 
5.2 GWh of electricity and 8.1 GWh of thermal energy. 5.2 GWh of electricity is more than half of the plant’s 
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output and 8.1 GWh is more thermal energy than it generates as waste. It is improbable that a significant fraction of 
the thermal energy can come from waste heat from the upstream CO2 source itself. Using the CO+H2 route would 
demand minimum electricity inputs in excess of the electric production of the plant. 
The maximum tolerable CO2 intensity of the electricity source can be calculated for the two synthetic pathways. 
Figure 5 shows these values for cases in which natural gas is used to provide thermal energy with 85% LHV 
conversion efficiency and where thermal energy is provided from a zero carbon source. For methane, methanol and 
diesel, even if the reaction were performed at its thermodynamic minimum and thermal energy had no associated 
emissions, the conversion of CO2 via the reverse WGS reaction would necessitate electricity with an emissions 
footprint below that of a CCGT plant in order to be carbon neutral. If the heat is not obtained from a zero carbon 
source, the only tolerable electricity inputs are those with an emissions footprint between 150 g/kWh and 
250 g/kWh. Electricity from a coal-fired power plant with 80% CO2 capture would be in this range. 
 
Fig. 5. Maximum emissions intensity of electricity inputs for CO2 utilisation options to be CO2 neutral at the thermodynamic minima 
Of course, the thermodynamic minima will not be achieved in practice because: (1) the electrolysis and 
conversion reactions will not be 100% efficient compared to the thermodynamic minimum, (2) the yield of the 
reactions will not be 100% efficient, and (3) combustion and heat transfer efficiencies will not be 100% efficient. 
For electrolysis, a long-term target of 45 kWh/kg H2 is thought to be achievable for electrolysis (83% efficiency 
based on a theoretical minimum of 33 kWh/kg) [37]. Reaction yields for large-scale chemical synthesis reactions 
vary widely and can be lower than 25% (i.e. less than one quarter of the theoretical target product that could be 
formed from the reagents is formed in practice). Many relevant chemical processes (e.g. C-alkylation, catalytic 
cracking, methanol-to-olefins, Fischer-Tropsch synthesis) operate with an efficiency between 30% and 80%. [38-40] 
To test sensitivities to optimistic real-world efficiencies, Figure 6 shows recalculated values for the maximum 
tolerable emissions intensities of electricity. The assumptions for the recalculations are: 80% efficiency of electricity 
or heat transfer for each step; 80% overall reaction yield. In all cases, today’s grid average electricity in the United 
States and Germany would lead to more CO2 being released during conversion than CO2 converted to products. This 
is true even if thermal energy were sourced with no associated CO2 footprint. The implication is that almost all of 
these reactions must proceed solely (or very nearly solely) based on electricity from renewable or nuclear sources. In 
the case of ethylene produced via the H2+CO2 route without zero carbon thermal energy, CO2 utilisation would 
increase CO2 emissions compared to venting the CO2 unless the electricity had a negative emissions balance. 
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Fig. 6. Maximum emissions intensity of electricity inputs for CO2 utilisation options to be CO2 neutral under optimistic real-world conditions 
So far we have looked at the electricity inputs that could result in the CO2 utilisation process having no worse 
impact on the climate than venting the CO2 directly from the upstream source. In practice, given our objective of 
significantly reducing CO2 emissions, being no better off than when the CO2 emissions were uncontrolled is not 
good enough. Figure 7 shows recalculated values for the maximum tolerable emissions intensities of electricity if 
the CO2 utilisation option is to result in only 0.5 tCO2 emitted for each tCO2 converted to product. This indicates the 
challenge faced if CO2 utilisation is to offer a significant life cycle emissions benefit. In this case, the maximum 
tolerable emissions intensity for methane via the CO+H2 route would be around 30 g/kWh using thermal energy 
from natural gas, lower than many estimates of life cycle emissions from solar photovoltaics [41]. If CO2 were 
converted to methane in Germany via the CO+H2 route using energy from a wind farm whose output met the 
electricity needs during 40% of the year and a zero-carbon heat source, electricity from the German grid (at today’s 
emissions intensity) could only be used as back-up for electrolysis for 10% of the remaining input. In this specific 
case, the process could only be operated at a capacity factor of 55% to be CO2 neutral, increasing the payback time 
of the investment. 
 
Fig. 7. Maximum emissions intensity of electricity inputs for CO2 utilisation options to result in only 0.5 tCO2 emitted for each tCO2 converted 
under optimistic real-world conditions 
Figure 8 shows the minimum emissions would result under the optimistic real world reaction conditions if the 
electricity were from a state of the art CCGT or from the French grid. In both cases natural gas is assumed to 
provide thermal energy. These calculations make two further significant assumptions: firstly, it is assumed that the 
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CO2 input to the utilisation step has no associated emissions, i.e. the energy for CO2 capture is not assigned to the 
CO2 in the life cycle analysis but is rather assigned to the primary product; secondly, it is assumed that the product 
of CO2 utilisation displaces another product in the economy with an identical emissions profile. This means, for 
example, that in the absence of diesel produced from CO2, petroleum diesel would be used instead not natural gas or 
electricity for transport. The key point from Figure 8, therefore, is that, even if electricity from the French grid were 
used, there is little room left under the horizontal line to accommodate any upstream or downstream emissions and 
remain better than neutral in terms of CO2 balances. 
 
Fig. 8. Minimum CO2 generated per tCO2 converted under optimistic real-world conditions for two different electricity sources 
8. Conclusions 
Thinking about the emissions associated with CO2 utilisation from a life cycle perspective is extremely important 
if sound decisions are to be made about which options might be worth pursuing from a climate change perspective. 
To identify potentially valuable CO2 utilisation options for the climate we also propose two other criteria: sufficient 
revenue and meaningful scale. From a climate perspective, not all CO2 utilisation is equally beneficial. Current and 
potential uses of CO2 in existing analyses have yet to satisfy the three main criteria, with the notable exception of 
certain approaches to CO2-EOR). CO2-EOR, however, may be a limited opportunity regionally and its impacts are 
dependent on how it is implemented and the fuel it displaces. 
The challenge of finding CO2 utilisation options that generate emissions reductions while producing useful fuels 
and chemicals should not be a big surprise. It reflects the stable chemical nature of the CO2 molecule. CO2 requires 
considerable additional energy input to separate the carbon for further processing. Its stability also makes it the final 
product of decomposition during end-use, usually leading to its release to the atmosphere. Equally, this 
incontrovertible property of CO2 is the reason why it is a relatively safe substance to handle and store geologically. 
The emissions reductions from feedstock switching to CO2 are thus unlikely to be dramatic. 
Considering the thermodynamic minimum energies for conversion of water and CO2 to several target products 
reveals the scale of the challenge. It appears highly likely that reducing CO2 emissions through CO2 utilisation will 
only be possible if the electricity (and, in some cases, the thermal energy) inputs are from renewable sources. This 
raises questions about the most appropriate deployment of any limited renewable resources, especially if they are to 
be employed for the purpose of partially mitigating emissions from large stationary fossil fuel combustion plants. It 
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also raises questions about how to match the potential revenue from and scale of CO2 utilisation based on variable 
renewable resources with investments in CO2 capture at meaningful scales. 
The role that CO2 utilisation could play in the economy will depend on technological developments and 
incentives in other policy areas, such as competitiveness, innovation and energy (or feedstock) security. These areas 
may create additional local value for the products of CO2 utilisation beyond what might be possible with CCS. It is 
important, however, that the attraction of transforming CO2 from a problematic “waste” by-product into a valuable 
commodity does not lead to a discussion of CO2 utilisation options without the necessary consideration of CO2 
emissions reduction potentials. 
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